,  X  AD-A092  620  UNIVERSITY  COLL  LONDON  (ENGLAND)  DEPT  OF  PHYSICS  AND— ETC  F/«  A/1 
^  TROPOSPHERIC  -  STRATOSPHERIC  TIOAL  INVEST I 6 AT IONS.  DIURNAL  ANO  — ETC(U) 

DEC  77  G  V  GROVES  AF0SR-77-3224 

UNCLASSIFIED  AFGL-TR-80-0340  NL 


MICROCOPY  RESOLUTION  TEST  CHART 

NATIONAL  BURLAU  Of  STANDARDS  1%3  A 


ADA092628 


1 1  riP": 


*  FE  L- TR-80-0348 


© 


Grant  number:  AFOSR  -77-3221* 


TROPOSPHERIC  -  STRATOSPHERIC  TIDAL  INVESTIGATIONS 

Diurnal  and  semidiurnal  wind  oscillations  in  the  stratosphere 


G.  V.  Groves 

Department  of  Physics  and  Astronomy, 
University  College  London, 

Gower  Street,  London  WC1E  6BT, 
England. 


31  December  1977 


U 1 

)^EL.EC  i 

v  D£C  0  8  1980  j 


Scientific  Report  No.  1 
1  December  1976  -  31  October  1977 


Approved  for  public  release;  distribution  unlimited. 


Prepared  for: 

Air  Force  Geophysics  Laboratory, 

L.  G.  Hanscom  Field,  Bedford,  Massachusetts  01730,  USA, 


European  Office  of  Aerospace  Research  and  Development, 
London,  England. 


80  12  09  007 


»«CViWIT'.yfL***t>fVTtow  or  Twit  PARE  n»h«w  Ox.  ImwiO 

f\  L  1  Report  documentation  page 


»FG  l/-]rR-8JO-J0348 


Bire  READ  INSTRUCTIONS 

r*Ut~  BEFORE  COMPLETING  ROHM 

It  govt  accession  no.  t.  nccivi  em  ▼’(  c  trlkoS  numrer 


mOPOSPHERIC  -  STRATOSPHERIC  tidal  .  _ _ { 

Investigations.^  ® 

;  Diurnal  and  semidiurnal ^ind  oscillations 
I  in  the  stratosphere .  ~ 

>■  author^ ^  11  1  1 


!  JERALD  V. /GROVES  / 


(9  /scientific /ePuyo,:r/ 

1  Dec  76  —  31  Oct  7?y>/ 

c-  BcNroSmia  org  •i*o»T  SuSSti 

.  I.  £ontract  o*  grant  »uui[«.j 


AFOSR-77-3224 


*  PERFORMING  ORGANIZATION  NAME  ANO  ADDRESS 

DEPARTMENT  OF  PHYSICS  AND  ASTRONOMY 

UNIVERSITY  COLLEGE  LONDON 

GOWER  STREET,  LONDON,  WC1  6BT,  ENGLAND 

•  •  CONTROL  l  (NO  ->*Fice  NAME  ANO  ADDRESS 

AIR  FORCE  GEOPHYSICS  LABORATORY 
Hanscom  AFB,  Massachusetts  01731 
Monitor/ William  K.  Vickery/LKD 

'■  fflSoffl  oWfOT  •kMSW'ffiffl'o'rW 

DEVELOPMENT,  - - 

BOX  14,  - , 


IB.  PROGRAM  element,  project  TASK 
-  AREA  S  WORK  UNIT  NUMRERS 


[/  Q  ) 


/  I  6687/05AJ 


FPO,  NEW  YORK  09510,  USA  ^  j tD  /  \  |  ~  *cnedule 

U  OtSTR|RuT'ON  STATEMENT  fat  Oil  a  KeOart)  —  '**" 

THIS  DOCUMENT  HAS  BEEN  APPROVED  FOR  PUBLIC  RELEASES  AND  SALE;  ITS 
DISTRIBUTION  IS  UNLIMITED. 


1 REcmmmi 

- — 

•77 

-tythu  JpIIh  or  PAG* 

54 

It.  SECURITY  CLASS 

S 

fml  thlm  ryyj 

UNCASSIFIED/ 

^ooyju 

to 

ISa.  DCCLASSlFICAT' 
SCHEDULE 

owt - 

17  OISTRIRUTION  STATEMENT  tat  ih*  attract  entered  In  Black  JO,  II  dt  Iterant  ham  Karan) 


[  IS-  SUPPL  EMENTARV  notes 


I*  KEV  POROS  'Continue  an  raearaa  aide  II  nacaceary  and  Identity  Sr  Hack  number) 

TROPOSPHERE,  STRATOSPHERE,  TIDAL  OSCILLATIONS,  WINDS 


tO  ARS 'Continue  an  rereraa  aide  II  nacaaaary  and  Identity  hr  SloeS  number} 

Amplitudes  and  phases  of  diurnal  and  semidiurnal  wind  oscillations 
derived  from  21  series  of  meteorological  rocket  launchings  in  the 
years  1965-74  are  presented  and  discussed  for  different  latitude  regions 
in  terms  of  the  properties  of  diurnal  and  semidiurnal  Hough  modes  of 
solar  tidal  oscillation.  The  investigation  attempts  to  identify  the 
likely  ranges  of  modes  (m,s,n),  m  =  1,2  which  are  compatible  with 
excitation  by  ozone  and  water  vapour  heating  and  the  observational  results, 
>_B_^igiificanti^ontribirtions^fronwion-migrating^mode^i<(^]^m)MaijdiBfron^a^|<^^^_H 

00  i  jaT**»  1473A  Eoition  or  i  nov  ••  it  orboletc  UNCLASSIFIED 


UNCLASSIFIED  NcT  = 

SECURITY  CLASSIFICATION  0*  tMIt  PAGE  rm.ee  rieaa 


(oi.070 


35 


-  1  - 


Diurnal  and  semidiurnal  wind  oscillations 
in  the  stratosphere 

G.  V.  Groves 

Department  of  Physics  and  Astronomy, 
University  College  London, 

England . 


Abstract 

Amplitudes  and  phases  of  diurnal  and  semidiurnal  wind  oscillations 
derived  from  21  series  of  meteorological  rocket  launchings  in  the 
years  1963-74  are  presented  and  discussed  for  different  latitude 
regions  in  terms  of  the  properties  of  diurnal  and  semidiurnal  Hough 
modes  of  solar  tidal  oscillation.  The  investigation  attempts  to 
identify  the  likely  ranges  of  modes  (m,s,n),  m  =  1 ,2  which  are 
compatible  with  excitation  by  ozone  and  water  vapour  heating  and 
the  observational  results.  Significant  contributions  from  non-migrating 
modes  (s  4  m)  and  from  non-tidal  variations  are  in  evidence  for 
particular  latitude  regions.  A  summary  is  given  of  a  number  of 
tentative  conclusions  that  are  reached  on  the  basis  of  the  available 
data. 
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1.  Introduction 


Wind  oscillations  observed  in  the  stratosphere  by  rocket  techniques 
have  previously  been  compared  with  results  calculated  by  classical 
tidal  theory  (Seed  et  al.,  1969)*  More  recently  comparisons  have 
been  made  where  the  observed  oscillations  have  been  derived  from 
relatively  small  numbers  of  rocket  launchings  extending  over  just 
1  to  3  days  (Groves,  1976) 

Care  needs  to  be  taken  when  interpreting  oscillations  derived 
from  small  samples  of  data  obtained  with  perhaps  only  8  to  10  launchings 
at  a  single  site.  The  evaluation  of  significant  diurnal  and  semidiurnal 
components  may  not  necessarily  reveal  the  true  tidal  oscillation  if 
for  example  a  non-s tat ionary  oscillation  or  one  close  to  the  tidal 
frequency  were  to  predominate.  Also  the  application  of  classical 
tidal  theory  to  the  real  atmosphere  is  open  to  uncertainties  with 
regard  to  the  distribution  of  thermal  excitation  and  the  assumption 
that  the  unperturbed  atmosphere  is  at  rest. 

In  spite  of  the  foregoing  limitations,  similar  properties  have 
been  identified  in  observational  and  theoretical  results  notably  in 
the  phases  of  oscillations  (i.e.  the  times  of  maximum  value);  the 
observed  gradients  of  these  with  height  being  consistent  with  those  of 
Hough  modes  (the  eigensolutions  of  Laplace's  tidal  equation).  Such 
gradients  in  stratospheric  diurnal  and  semidiurnal  phases  vary  between 
different  dates  and  indicate  a  source  of  excitation  at  lower  heights 
which  may  reasonably  be  associated  with  water  vapour  heating:  the 
observed  phase  gradients  are  indeed  consistent  with  those  of  Hough 
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modes  whose  vertical  structure  has  close  coupling  with  observed 
vertical  distributions  of  tropospheric  water  vapour.  These 
and  other  features  of  tidal  theory  and  observation  have  been  previously 
reviewed  (Groves,  1 976 ) . 

In  the  present  paper  the  previous  work  is  extended  to 
include  further  sets  of  observational  data  and,  on  the  theoretical 
side,  solutions  of  Laplace's  tidal  equation  for  a  wider  range  of  mode 
parameters.  A  useful  increase  in  the  totality  of  observational  results 
was  achieved  on  19-20  March  1974  when  70  rockets  equipped  with  standard 
Datasonde  instrumentation  were  launched  at  8  western  hemisphere  sites 
by  NASA  Wallops  Flight  Center  in  cooperation  with  other  agencies  in 
order  to  study  atmospheric  tides  and  their  latitudinal  variation 
(Schmidlin  et  al. ,  1975).  The  locations  of  the  8  sites  are  shown  in  Fig.1. 
Simultaneous  launchings  have  been  held  on  one  previous  occasion, 
on  23-25  October  1968,  at  the  four  sites  of  Ascension  Is,,  Cape  Kennedy, 
Fort  Churchill  and  Thule.  Otherwise  diurnal  series  of  launchings  have 
been  conducted  on  different  dates  at  various  low,  mid  and  high  latitude 
sites.  Rocket-sonde  instrumentation  has  been  employed  throughout 
except  for  a  series  of  13  rocket-grenade  launchings  at  Kourou  on 
19-22  September  1971  (Smith  e_t.  _al . ,  1974)  And  an  extended  series  of 
rocket-grenade  launchings  at  Natal  in  1966-68  (Smith  et.  al. ,  1968, 

1969«  1970).  Diurnal  launch  series  for  which  results  are  presented 
in  this  paper  are  listed  in  Table  1.  Except  where  specific  references 
are  given  the  source  of  data  has  been  the  Meteorology  Data  Reports 


of  World  Data  Center  A 
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TABLE  1.  Diurnal  launch  series  1 965-74 • 


Site 

lat. 

long.W 

date 

no.  of  successful 
launchings 

Thule 

76°33'N 

68°49' 

24-26  Oct  1968 

14 

Fort  Churchill 

58°44' 

93°49' 

6-8  Sept  1966 

10 

8-9  Sept  1966 

10 

4-5  Jan  1968 

12 

23-25  Oct  1968 

18 

19-20  Mar  1974 

8 

Wallops  Is. 

37°50' 

75°29' 

19-20  Mar  1974 

13 

Arenosillo 

37°06* 

06°44' 

24-28  Feb  1970 

27 

White  Sands 

32°23' 

106o29' 

30  Jun-2  Jul  1965 

17 

9-11  Oct  1965 

16 

Cape  Kennedy 

28° 27' 

80o3 2* 

13-15  Dec  1967 

25* 

23-25  Oct  1968 

17 

Antigua 

17°09' 

6l°47’ 

19-20  Mar  1974 

8 

Fort  Sherman 

09°20 ' 

79°59’ 

19-20  Mar  1974 

8 

Kourou 

05°08' 

52°37' 

19-22  Sept  1971 

13 

19-20  Mar  1974 

10 

Natal 

05 °55'S 

35°10' 

1966-68 

24 

19-20  Mar  1974 

8 

Ascension  Is. 

07°59' 

14°25’ 

11-12  Apr  1966 

13 

12-13  Apr  1966 

13 

24-26  Oct  1968 

14 

19-20  Mar  1974 

8 

Mar  Chi quits 

37° 45 ' 

57°25' 

19-20  Mar  1974 

7 

•  Also  analysed  as  13-14  Dec  196?  (12  launchings)  and  14-15  Dec  196? 
(14  launchings). 


•tt 
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2.  Method  of  harmonic  analysis  of  data 

Assuming  that  a  meteorological  parameter  \jr  may  be  represented 
by  mean,  diurnal  and  semidiurnal  components,  we  write 

1  1  1  1  > 
V  =  V0  +  A^cos-^ut  +  B.jSin-^-nt  +  A^cos^ttt  +  I^sin-^-itt  (l! 

where  t  is  local  mean  time  in  hours,  departures  from  apparent  local 
solar  time  being  neglected.  V0  ,  A^ ,  B1 ,  A^,  B^  are  five  unknowns 
which  may  be  determined  together  with  estimates  of  their  standard 
deviations  by  the  method  of  least  squares  from  a  series  of  more  than 
five  observations.  The  analysis  has  been  described  previously  (Groves 
1967)  and  does  not  require  equal  time  intervals  between  observations. 

The  analysis  permits  different  weights  to  be  associated  with  a  sequence 
of  observed  values,  but  in  the  absence  of  any  indication  to  the  contrary 
all  values  have  been  weighted  equally.  Results  are  presented  below 
in  terms  of  the  amplitudes  and  phases  of  the  harmonic  components  which 
may  be  readily  calculated  from  the  values  determined  for  the  A's  and 
B's  in  (1)  :  phase  i6  expressed  by  the  local  time  at  which  an  oscillation 
maximizes. 

The  horizontal  lines  in  plots  of  observational  results  below  are 
centred  on  the  least-squares  calculated  value  of  a  quantity  and  are 
equal  in  length  to  two  standard  deviations.  At  heights  where  amplitudes 
are  small,  phases  become  indeterminate  as  indicated  by  very  large 
error  bars  or  a  data  point  in  brackets.  Large  standard  deviations 
may  also  arise  if  a  significant  variation  additional  to  those  expressed 
by  (l)  is  present.  Attention  has  therefore  been  given  to  the  removal 
of  a  background  trend  by  replacing  1 in  (l)  by  a  polynomial  in  time. 


A’  '  ' 
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When  the  total  observing  time  exceeded  two  days,  a  cubic  has  been 
adopted 


Many  series  of  launchings  extend  over  only  one  day  and  in  most  cases 
the  analysis  of  these  has  been  carried  out  with  tf^  expressed  linearly 
in  time  :  in  other  cases  where  there  are  no  more  than  8  launchings 
in  a  series,  the  analysis  has  been  carried  out  with  independent 
of  time. 

3.  Equivalent  depths  of  solar  diurnal  modes  (l,s,n) 

Associated  with  the  eigenvalues  of  Laplace’s  tidal  equation  are  modes 

of  oscillation  which  for  solar  excitation  may  be  designated  by  Sm,B  or  (m,s,n)c 

n  o 

The  latter  notation  is  adopted  here  and  abbreviated  to  (m,e,n)  a6  solar 
excitation  is  understood.  Oscillations  at  the  fundamental  and  higher 
harmonic  frequencies  have  m  =  1,  2,  ...  The  zonal  wave  number  s  is 
taken  positive  for  a  westward  travelling  mode  and  negative  for  an 
eastward  travelling  mode ,  i s  l  being  the  number  of  wavelengths  that 
fit  a  circle  of  latitude.  (A  possible  alternative  notation  would  be 
m  negative  for  an  eastward  travelling  wave  and  s  non-negative.  )  The 
meridional  wave  number  n  is  assigned  according  to  a  prescribed  scheme 
of  notation. 

Modes  for  which  s  =  m  travel  westward  at  the  same  rate  as  the 
Sun  and  have  the  same  dependence  on  solar  local  time  at  all  longitudes. 

Mode  designation  may  then  be  abbreviated  to  (m,n).  Such  modes,  which 
are  referred  to  as  migrating  modes,  would  arise  with  insolational 


-  8  - 


heating  and  a  distribution  of  absorbing  constituent  that  is  independent 
of  longitude.  Variations  with  longitude  of,  say,  water  vapour  give 
rise  to  inodes  having  s  /  m.  It  may  be  noted  that  modes  with  s  =  m 
dominate  those  with  s  /  m  in  an  analysis  of  global  distributions  of 
surface  pressure  data  for  solar  diurnal  and  semidiurnal  components 
(Haurwitz  and  Cowley,  1973)*  The  amplitude  of  the  diurnal  (m  =  1 ) 
oscillation  of  the  s  =  1  wave  (i.e.  the  superposition  of  all  (1,1, n) 
modes)  is  about  4  times  greater  than  that  of  any  other  wave  (s^l).  For 
the  semidiurnal  (m  =  2)  barometric  oscillation  the  s  =2  wave  (i.e.  the 
superposition  of  all  (2,2,n)  modes)  has  about  10  times  the  amplitude 
of  any  other  wave  (s  /  2)  on  account  of  stratospheric  heating  which 
generates  a  large  response  at  the  surface  through  the  (2,2,2)  mode. 

For  solar  diurnal  modes,  eigenvalues  &  of  Laplace's  tidal 
equation  have  been  calculated  from  relations  given  by  Longuet-Higgins 
(1968)  and  Chapman  and  Lindzen  (1970).  The  corresponding  equivalent 
depths  were  then  obtained  as 

where  a,  g  and  co  are  values  of  the  Earth's  radius,  gravitational 
acceleration  and  sidereal  angular  velocity  respectively  (4a  CO  /g  =  88.1  km). 
In  Fig. 2  values  of  h  are  plotted  for  s  in  the  range  -12  to  14  and 
different  n  assigned  as  far  as  possible  according  to  the  notation 
employed  by  Chapman  and  Lindzen  (1970).  Two  sequences  of  modes  then 
remain  with  n  unassigned.  One  of  these  exists  only  for  s  <  0  and 
has  been  given  n  =  0.  The  other  is  the  sequence  of  eastward  travelling 
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inodes  on  the  left-hand  side  of  Fig. 2.  These  are  the  type  3  modes  of 
Longue t-Higgins  (1968)  being  asymptotically  Kelvin  waves  of  velocity 
(gh)^  as  h  -*  0,  i.e.  as  €  -*■  .  For  large  €  , 


5 


-i  +  -i- 

1 4  At 


(*•) 


where  m  =  1  (the  difference  between  solar  and  sidereal  rates  of  rotation 
being  neglected).  It  is  found  that  the  values  of  £  from  (3)  corresponding 
to  the  accurately  calculated  values  of  h  (Fig. 2)  approximate  (4) 
very  closely  yielding  m  to  within  1.5#  of  unity  for  s  =  -1  and  even 
more  closely  for  larger  -s.  The  notation  (l,s,K)  is  introduced  for 
this  sequence  of  modes. 

Equivalent  depth  h  is  a  useful  indicator  of  the  vertical  properties 
of  a  mode  which  in  the  absence  of  dissipation  and  within  the  framework 
of  classical  theory  depend  solely  on  h  and  atmospheric  scale  height  H. 

For  small  positive  h  the  vertical  structure  is  oscillatory,  the 
wavelength  being  2tH(k-  H/ft  -  for  an  atmosphere  of  constant 

scale  height,  where  K  *  (**“  ' )/ V  and  V  is  the  ratio  of  specific 

heats  of  air.  For  small  negative  h  the  vertical  structure  decays 

_  i 

exponentially  over  a  distance  HCo.iS’-K  H/£)  away  from  a  region  of  excitation 

Typical  values  for  these  parameters  of  the  vertical  structure  are 
indicated  on  the  right-hand  side  of  Fig. 2.  For  a  relatively  small 
range  of  values  of  &  A  *  H  ,  wavelengths  and  decay  distances  become 
large  and  the  vertical  structure  may  be  described  as  dynamically 
coupled.  Fig. 2  shows  that  this  range  of  h  is  remote  from  the  equivalent 
depths  of  all  migrating  modes  (1,1, n)  and  is  approached  by  at  most 
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three  other  modes,  namely  (1,-1,K),  (l,-2,K)  and  (1,0,0).  Fig. 2  also 
shows  that  the  wavelengths  and  decay  distances  of  a  sequence  of  mode6 
shorten  as  |s-1|  increases.  Vertical  wavelengths  of  migrating  modes  are 

nearly  30  km  for  (1,1,1)  and  decrease  as  n  increases;  that  of  (1,1,4) 
being  approximately  10  km.  Exponential  decay  distances  are  about  2H 
for  (1,1,-1)  and  decrease  as  -n  increases,  becoming  0.5H  for  n  =  -5  and 
-6.  Modes  with  negative  n  are  also  referred  to  as  trapped  and  those 
with  positive  n  as  propagating  modes.  The  terms  positive  and  negative 
modes  will  be  used  to  signify  modes  having  n  >0  and  <0  respectively. 

The  ranges  of  modes  likely  to  be  excited  by  water  vapour  heating 
and  ozone  heating  respectively  are  indicated  in  Fig. 2.  If  mode  wavelength 
is  shorter  than  or  comparable  with  the  mean  depth  of  the  heating,  the 
effect  of  the  heating  as  a  source  of  tidal  excitation  is  reduced  by 
self-cancellation  as  previously  described  (Groves,  1975a, 1976).  Ozone 
heating,  on  account  of  its  greater  depth,  is  therefore  incapable  of 
exciting  the  shorter  wavelength  modes  (indicated  by  the  double  vertical 
line)  which  are  very  effectively  excited  by  water  vapour  heating. 

4.  Diurnal  winds  at  Fort  Churchill  (58,7°N.  93.8°W) 

Properties  of  the  vertical  structure  of  positive  and  negative  modes 
are  relevant  to  the  interpretation  of  stratospheric  oscillations  at 
different  latitudes.  Fig. 2  shows  that  negative-mode  decay  distances 
are  ^  H  and  hence,  as  H  is  about  7  km,  the  atmospheric  response  to 
tropospheric  negative-mode  excitations  (notably  by  water  vapour  heating) 
is  confined  to  the  lower  atmosphere.  Likewise  the  response  to  negative¬ 
mode  excitations  by  ozone  heating  is  confined  to  the  stratosphere  and 
lower  mesosphere.  In  contrast,  amplitudes  of  positive  modes  increase  with 
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height  (until  dissipation  becomes  important),  and  tropospheric  excitations 
are  capable  of  producing  a  significant  oscillation  at  stratospheric 
heights.  However  the  Hough  functions  0  for  positive  modes  (Fig. 3) 
are  confined  to  low  and  mid  latitudes,  and  hence  at  high  latitudes 
stratospheric  oscillations  should  consist  predominantly  of  superimposed 
negative  modes  (Fig. 4).  In  particular,  if  ozone  heating  is  independent  of 
longitude  such  (trapped)  modes  would  travel  westward  with  the  Sun  and 
have  the  same  dependence  on  local  time  at  all  longitudes  and  heights. 

The  height  independence  of  phase  at.  high  latitude  was  confirmed  by  the 

analysis  of  Reed  et  al.  (1969)  of  summer  data  between  30  and  60  km 
from  the  combined  stations  of  Fort  Churchill  and  Fort  Greely  (64. 0  N, 

145. 7°W)  for  the  diurnal  S-N  wind  oscillation.  Observed 

values  of  S-N  wind  phase  were  very  close  to  12  noon,  the  value  which 
accords  theoretically  with  an  expected  12  noon  phase  for  the  heating  rate. 

Fig. 5  shows  S-N  and  W-E  diurnal  winds  for  Fort  Churchill  obtained 
from  series  of  launchings  conducted  on  the  dates  stated.  The  results 
are  independent  of  those  of  Reed  e^t  al.  (1969)  which  were  derived  from 
data  widely  distributed  in  time  over  the  summer  months  of  several  years 
prior  to  and  including  1966.  The  number  of  launchings  in  each 
series  is  shown  in  Table  1,  although  data  from  all  launchings 
may  not  be  available  at  every  height.  S-N  wind  phases  are  close  to 
12  noon  with  the  notable  exceptions  to  be  discussed  below  of  4“5  January  1968 
and  certain  heights  below  45  km.  For  the  W-E  wind  oscillation  the 
corresponding  phase  should  be  1800  hr  as  rotation  of  the  wind  vector 
is  theoretically  clockwise.  With  the  same  exceptions  this  value  is 
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fairly  well  supported  observationally.  The  two  launch  series  in 
September  1966  comprise  the  first  10  and  last  10  launchings  respectively 
of  a  series  of  19  launchings  at  4  hr  intervals  over  3  days. 

Below  40  km  ozone  lifetimes  increase  sufficiently  for  atmospheric 
motion  to  become  an  effective  transport  mechanism  and  longitudinal 
asymmetries  in  ozone  distribution  arise  (Heath  et  al. ,1973;  Krueger  et  al. , 
1973;  Dutsch,  1974).  The  maximum  heating  rate  could  then  be  at  a  longitude 
other  than  the  subsolar  longitude  and  phases  of  the  atmospheric  wind  or 
temperature  response  would  not  generally  be  the  same  at  all  longitudes  when 

expressed  in  local  time.  The  unusual  phase  profiles  of  4-5  January  1968 
also  direct  attention  to  the  possibility  of  a  disturbed  ozone  distribution, 
in  this  case  up  to  55  km,  which  for  the  time  of  year  might  arise  from  a 
stratospheric  warming  and  its  effect  on  temperature-dependent 
photochemistry  (Barnett,  et  al . ,  1975).  In  December  1967  a  major 
warming  occurred  which  persisted  into  the  beginning  of  1968.  By  the 
end  of  December,  the  temperature  gradient  between  polar  and  mid 
latitudes  had  reversed  throughout  the  entire  middle  and  upper 
stratosphere  making  the  event  the  earliest  major  stratospheric 
warming  ever  recorded  (ESSA,  1970;  NOAA,  1971). 

The  amplitudes  of  S-N  and  W-E  winds  in  Fig. 5  generally  increase 
with  height  reaching  about  10  m/s  at  50-60  km.  The  leading  symmetric 
negative  mode  (1,1, -2)  would  be  expected  to  contribute  prominently 
to  these  oscillations  and  for  this  mode  the  S-N  and  W-E  components 
are  theoretically  of  comparable  magnitude  at  the  latitude  of  Fort 
Churchill:  wind  functions  for  negative  modes  are  Bhown  in  Figs. 6  and  7 
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from  which  it  is  seen  that  the  (1,1, -2)  W-E  amplitude  is  72#  of  the 
S-N  amplitude  at  59°  latitude.  For  the  (1,1,-1)  mode  the  (W-E)/(S-N) 
amplitude  ratio  is  similar  (86#)  but  for  the  (1,1, -3)  and  (1,1, -4) 
modes  W-E  amplitudes  are  nearly  3  times  S-N  amplitudes.  The  general 
similarity  of  the  observed  S-N  and  W-E  amplitude  profiles  (Fig. 5)  is 
therefore  in  accord  with  the  theoretical  properties  of  the  leading 
symmetric  and  asymmetric  trapped  modes  and  differences  of  detail  may  be 
attributed  to  contributions  from  modes  of  higher  order  in  n. 

The  W-E  wind  functions  (Figs. 6  and  8)  and  the  S-N  wind  functions  ©y 
(Figs. 7  and  9)  are  related  to  the  corresponding  Hough  functions  0 
(Figs. 3  and  4)  by 
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0  being  colatitude  and  a  the  angular  frequency  of  the  oscillation, 
i.e.  the  solar  diurnal  angular  velocity. 


5.  Diurnal  winds  at  mid  latitudes 

Wind  functions  for  positive  modes  (Figs. 8  and  9)  show  that  the 
contributions  from  these  modes  increase  rapidly  between  about  4O0 
and  25°  latitude  reaching  a  maximum  in  the  vicinity  of  20°  in  contrast 
to  negative-mode  contributions  which  decrease  equatorwards  of  4O0 
(Figs. 6  and  7)»  Consequently  on  moving  from  Fort  Churchill  to 
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mid  latitudes  tropospheric  positive-mode  excitations  can  be  expected 
to  contribute  increasingly  to  stratospheric  diurnal  oscillations. 
Observationally,  a  change  from  predominantly  negative  modes  at  high 
latitude  to  predominantly  positive  modes  at  low  latitude  was  well 
supported  by  the  analysis  of  stratospheric  S-N  wind  oscillations  by 
Reed  et  al.  (1969). 

A  notable  feature  of  the  W-E  and  S-N  wind  functions  for  positive 
modes  is  their  approximate  equality  for  given  s  and  n  (to  within  about 
2056)  at  latitudes  between  about  20°  and  40°  for  many  of  the  modes 
plotted  in  Figs. 8  and  9.  An  examination  of  numerical  values  shows 
that  the  approximate  equality  holds  well  for  s^  0  over  this  range  of 
latitudes,  but  for  s<  0  the  latitude  range  depends  on  n  and  narrows 
as  -s  increases.  (Thus  if  s  =  -2  approximate  equality  (to  within  about 
2056)  holds  for  n  =  1  from  only  19°  to  27°  and  for  n  =  3  from  23°  to 
33°;  if  s  =  -4,  it  holds  for  n  =  1  from  only  16°  to  21°  and  for 
n  =  3  from  22°  to  29°  ;  and  if  s  =  -6  it  holds  for  n  =  1  from  only 
14°  to  17°,  and  for  n  =  3  from  20°  to  26°  latitude).  Hence,  provided 
certain  modes  of  negative  s  are  not  of  relatively  large  amplitude, 
approximately  equal  W-E  and  S-N  wind  profiles  should  be  observed  at  latitudes 
between  about  20°  and  4O0  for  whatever  combination  of  other  modes  may 
be  present.  Also  from  the  eigns  of  the  W-E  and  S-N  wind 
functions  at  these  latitudes  (Figs. 8  and  9)  and  the  relevant  equations 
of  tidal  theory,  it  follows  that  the  rotation  of  the  diurnal  wind 
vector  should  be  clockwise  in  the  northern  hemisphere  and  anticlockwise 
in  the  southern  hemisphere  for  whatever  combination  of  such  modes 
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may  be  present. 

The  above  theoretical  properties  are  well  supported  by  the 
observations  at  Cape  Kennedy  (28.4°N,  80.5°W)  on  24-2 6  October  1968 
(Fig. 10),  W-E  and  S-N  amplitudes  showing  no  significant  differences 
and  W-E  phases  being  later  than  S-N  phases  by  close  to  6  hrs.  The 
phase  profiles  are  compared  in  Fig. 10  with  theoretical  phases  (the 
straight  lines)  for  the  (1,1,1)  to  (1,1,5)  modes  and  indicate  the 
presence  of  modes  of  a  higher  order  in  n  and/or  |s|  than  the  leading 
(1,1,1)  mode.  For  a  second  series  of  Cape  Kennedy  launchings  on 
13-15  December  1967  (Fig. 10),  less  than  half  the  results  are  consistent 
with  the  above  properties,  W-E  and  S-N  amplitudes  showing  conspicuous 
differences.  In  this  case  modes  having  negative  s  (for  which  the  W-E 
and  S-N  wind  functions  differ  at  the  latitude  of  Cape  Kennedy)  may  be 
significant  or  a  more  general  disturbance  may  be  distorting  or  masking 
the  tidal  oscillation.  Although  the  major  stratospheric  warming  of 
December  1967  -  January  1968  referred  to  above  could  be  relevant,  the 
slope  of  the  phase  profiles  on  13-15  December  1967  points  to  a  source 
of  excitation  that  is  located  below  25  km  and  is  therefore  more  likely  to 
be  tropospheric.  These  results  will  be  further  discussed  in  §10 along 
with  those  for  the  semidiurnal  component. 

Data  have  also  been  analysed  for  diurnal  winds  at  slightly  higher 
latitudes  than  Cape  Kennedy  and  the  results  (Figs. 11  and  12)  are 
generally  consistent  with  the  diurnal  rotation  of  a  wind  vector  of 
approximately  constant  amplitude  at  any  given  height.  Reference  lines 
at  12  hr  and  18  hr  have  been  added  to  the  plots  of  S-N  and  W-E  phases 


respectively  for  the  northern  hemisphere  sites  to  aid  comparisons. 

The  vertical  profiles  of  S-N  phase  at  White  Sands  (32.4°N,  106.5°W) 
are  quite  well  reproduced  with  a  6  hr  delay  by  the  corresponding  profiles 
of  W-E  phase.  So  also  is  that  for  Arenosillo  (37.1°N,  6.7°W)  where 
wind  data  were  obtained  at  75  to  95  km  using  a  very  light-weight 
chaff  (Rose  et  al . ,  1972).  For  the  southern  hemisphere  site  of  Mar 
Chiquita  (37.7°S,  57*4°W),  the  observations  are  consistent  with  an 
anticlockwise  rotation  of  the  wind  vector  as  theoretically  predicted. 

Mar  Chiquita  phase  profiles  are  approximately  similar  to  those  taken 
at  the  same  time  at  Wallops  Island  (37.8° N,  75«5°W)  which  ie  at  the 
same  latitude  (within  0.1°)  in  the  opposite  hemisphere.  A  12  hr  shift 
between  S-N  phases  at  the  two  sites  indicates  a  tidal  excitation  that 
is  predominantly  symmetric  with  respect  to  the  equator.  Differences 
are  however  apparent  between  the  Wallops  Island  and  Mar  Chiquita  results 
particularly  in  amplitudes.  Asymmetric  modes  could  be  expected  to  be 
responsible  for  minor  differences  between  the  two  sites,  but  on  analysis 
the  differences  are  found  to  be  too  large  to  be  reasonably  accounted 
for  in  this  way  and  a  more  likely  origin  for  them  is  considered  to  be 
the  18.1°  difference  of  longitude  between  the  two  sites  and  the  presence 
of  non-migrating  modes  (s  4  l).  For  a  longitude  difference  of  this 
(relatively  small)  magnitude  to  produce  any  notable  effect  it  would 
seem  that  at  least  some  modes  having  |s  -  II  >  3  would  need  to  be 
reckoned  with. 

For  the  White  Sands  launchings  of  30  June  -  2  July  1965  a  detailed 
report  of  the  results  has  been  given  previously  by  Beyers,  Miers  and 
Reed  (1966). 
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6.  Diurnal  winds  at  low  latitudes 


At  latitudes  of  less  than  about  15°  the  S-N  and  W-E  wind  functions 
of  positive  modes  become  increasingly  different  in  form.  For  n  odd  or 
n  =  K,  S-N  values  change  sign  on  crossing  the  equator  whereas  W-E  values 
reach  a  maximum  (or  minimum)  at  the  equator  :  for  n  even  or  zero, 

S-N  values  reach  a  maximum  and  W-E  values  change  6ign  (Figs. 8,  9*  13 
and  1^).  At  low  latitude  sites  profiles  of  S-N  and  W-E  phase  and 
amplitude  could  therefore  differ  markedly;  and  the  observational 
results  in  Figs. 15  to  18  appear  to  confirm  this  expectation. 

The  results  for  Antigua  (17.1°N,  6l.8°W)  show  that  W-E  phases 
are  again  later  than  S-N  phases  by  6  hr  at  most  heights  except  for 
the  interval  36  to  51  km  (Fig.15).  It  would  appear  that  at  the  lower 
heights  short  wavelength  modes  are  propagating  in  both  components  and 
that  a  change  to  longer  wavelengths  occurs  in  the  W-E  at  36  km  and 
correspondingly  in  the  S-N  component  in  the  region  of  51  km. 

Four  set6  of  results  for  Ascension  Island  (8.0°S,  4.4°W)  are 
compared  in  Fig.l6.  The  two  sets  showing  greatest  similarity  are 
the  two  for  April  1966  which  are  based  on  the  first  13  and  last  13 
launchings  of  a  series  of  24  over  a  2-day  period.  A  detailed  analysis 
of  the  April  1966  data  has  been  given  by  Beyers  and  Miers  (1968) 
who  noted  considerable  variation  in  both  S-N  and  W-E  components 
between  the  two  days  and  concluded  that  the  diurnal  variation  may 
have  been  masked  or  distorted  by  some  other  short-term  disturbance. 

On  closely  comparing  the  two  sets  of  April  1966  results  in  Fig. 16, 
it  is  found  that  about  40$  of  both  S-N  and  W-E  phases  on  the  second 


day  are  significantly  different  from  those  on  the  first  day:  the 
results  appear  to  represent  oscillations  of  both  tidal  and  non-tidal 
origin.  For  other  low-latitude  oscillations  reported  here  no  ready 
indication  is  generally  available  of  the  extent  to  which  their  origin 
is  tidal  or  not  as  launch  series  are  too  short  to  compare  consecutive 
cycles.  Although  in  the  following  discussion  the  observed  oscillations 
are  referred  to  as  tidal  it  is  possible  that  for  some  of  them  this  may 
not  be  the  case. 

For  the  three  Ascension  Island  launch  dates  the  phase  and  amplitude 
profiles  obtained  are  different  except  over  certain  short  isolated 
intervals  of  height.  It  may  however  be  noted  that  the  phase  profiles 
have  a  general  similarity  with  those  at  Cape  Kennedy  with  respect  to 
their  gradients  with  height  which  correspond  to  modes  of  higher  order 
in  n  and/or  |s|  than  the  leading  (1,1,1)  mode.  It  may  also  be  noted 
that  S-N  and  W-E  amplitudes  lie  within  similar  ranges  of  magnitude. 

If  only  migrating  modes  (a  =  1 )  were  propagating,  the  wind  functions 
for  Ascension  Island  (Figs. 8  and  9)  would  have  S-N  values  noticeably 
in  excess  of  W-E  values  (by  a  factor  of  2.1  for  n  =  1  and  by  larger 
factors  for  n  >  1).  However  for  many  other  modes  (s  /  1)  W-E  wind 
functions  change  with  s  such  that  at  low  latitude  they  become  comparable 
with  S-N  values  which  change  relatively  slowly  with  s  (Figs. 8  and  9). 
Hence  a  significant  low  latitude  contribution  from  non-migrating 
modes  (with  perhaps  |sl >  6)  may  be  inferred  on  the  basis  of  S-N  and 
W-E  components  being  of  comparable  amplitude. 
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Modes  of  the  sequences  n  =  0  and  n  =  K  become  likely  contributors 
to  atmospheric  oscillations  if  a  fairly  high  order  of  longitudinal 
variation  is  present  in  the  source  of  excitation  :  their  wind  functions 
(Figs. 13  and  14)  attain  increasingly  large  values  as  -s  increases, 
and  for  -s  =  8  to  14  approximately  their  vertical  structure  i6  highly 
compatible  with  excitation  by  water  vapour  heating  (Fig. 2).  The 
n  =  0  sequence  of  modes  have  equatorially  asymmetric  Hough  functions 
and  S-N  and  W-E  wind  functions  of  similar  magnitude  :  for  the  n  =  K 
sequence,  Hough  functions  are  symmetric  and  the  wind  oscillation  is 
almost  entirely  in  the  W-E  direction  with  equatorial  symmetry. 

A  comparison  between  the  results  for  Fort  Sherman  (9»3°N,  80.0°W) 
in  Fig. 17  and  those  taken  on  the  same  date  (19-20  March  1974)  at 
Ascension  Island  is  of  interest  as  the  two  sites  are  at  nearly  the 
same  latitude  in  opposite  hemispheres.  A  similar  comparison  in  §  5 
for  Wallops  Island  and  Mar  Chiquita  indicated  a  predominantly 
symmetric  excitation  with  respect  to  the  equator,  but  from  Figs.l6 
and  17  the  Fort  Sherman  and  Ascension  Island  oscillations  are  seen 
to  differ  in  phase  and  amplitude.  These  differences  are  attributed  to 
the  longitude  dependency  of  non-migrating  modes,  the  likely  presence 
of  which  has  already  been  discussed,  and  possibly  to  asymmetric 
modes  of  high  is f  ,  say  >  10,  which  could  be  significant  at  low  latitudes 
but  not  at  mid  latitudes.  The  same  interpretation  would  apply  to 
the  19-20  March  1974  results  (Fig.l8)  for  Kourou  (5.1°N,  52.6°W) 
and  Natal  (5.9°S,  35.2°W),  which  are  also  sites  at  approximately 
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equal  latitudes  in  opposite  hemispheres  and  show  very  different 
phases  and  amplitudes.  As  the  difference  of  longitude  between 
these  two  sites  is  only  17.4°  (compared  with  65.6°  for  Fort  Sherman  / 
Ascension  Island)  main  contributions  are  expected  from  modes  of 
|6  -  1| ^  3. 

Also  shown  in  Fig.l8  are  results  obtained  by  the  rocket-grenade 
method  on  different  earlier  dates  at  Natal  (Groves,  1974)  and 
Kourou  (Groves,  1975).  The  Natal  results  would  be  expected  to  reveal 
a  component  of  oscillation  that  is  steady  for  much  of  the  year  being 
derived  from  launchings  distributed  over  an  interval  of  22  months. 

In  contrast  to  the  19-20  March  1974  results  for  Kourou  and 
Natal,  the  Kourou  rocket-grenade  wind  phases  (Fig.l8)  agree 
closely  with  those  for  Natal  of  1966-68  (except  at  the  lowest  heights). 
As  reported  previously  however  (Groves,  1975b)  the  Kourou  temperature 
oscillation  showed  significant  differences  from  that  for  Natal, 
indicating  some  change  in  the  source  of  excitation  (water  vapour 
heating)  for  which  the  atmospheric  response  at  the  latitude  of  these 
sites  was  of  observational  significance  in  temperature  only.  Further 
evidence  of  changes  in  the  source  of  excitation  between  different 
observing  dates  is  provided  by  the  wind  results  at  Natal  and  Kourou 
on  19-20  March  1974  (Fig.l8)  which  show  significant  differences 
from  the  corresponding  rocket-grenade  results.  There  are  however 
similarities  of  phase  at  the  respective  sites  over  limited  height 
regions  (e.g.  from  40  to  60  km  in  the  Kourou  S-N  wind),  which 
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taken  with  the  rocket-grenade  results  signify  that  certain  modes 
may  be  present  for  much  of  the  time  while  others  are  of  a 
shorter  duration. 

8 .  Equivalent  depths  of  solar  semidiurnal  modes  (2, s,n) 

Corresponding  to  Fig. 2  equivalent  depths  h  are  plotted  in  Fig. 19 
for  solar  semidiurnal  modes  (2,s,n)  where  s  lies  in  the  range 
-12  to  14  and  n  is  assigned  according  to  the  usual  notation  (Chapman 
and  Lindzen,  1970).  As  with  diurnal  modes  there  are  two  sequences 
with  n  unassigned.  One  exists  only  for  s  ^  0  and  is  denoted  by 
n  =  1.  The  other  for  which  equation  (4)  holds  with  it  =  2  is  denoted 
by  n  =  K. 

Fig. 19  shows  that  no  sequences  of  trapped  modes  exist  comparable 
with  negative  diurnal  modes,  but  that  several  modes  fall  in  the 
categories  of  weakly  trapped  modes  or  of  modes  whose  vertical  structure 
is  dynamically  coupled.  The  leading  migrating  mode  (2,2,2)  has  a 
vertical  structure  that  is  dynamically  coupled,  one  consequence  being 
the  excitation  by  stratospheric  ozone  heating  of  a  major  part  of  the 
semidiurnal  surface  pressure  oscillation.  The  vertical  lines  in 
Fig. 19  which  relate  to  ozone  and  water  vapour  heating  are  repeated 
from  Fig. 2.  For  a  typical  depth  of  water  vapour  heating  of  8  km, 
excitation  of  semidiurnal  modes  is  effective  for  sequences  up  to 
n  5=  3 0  whereas  for  diurnal  modes  sequences  up  to  n  •=  5  are 
excited.  The  short  horizontal  lines  in  Fig.19  give  h  for  s  =  1  and 
the  intermediate  sequences. 


9.  Semidiurnal  winds  at  latitudes  greater  than  30° 

At  high  and  mid  latitudes  a  semidiurnal  tidal  wind  vector  rotates 
clockwise  at  northern  latitudes  and  anticlockwise  at  southern  latitudes 
its  amplitude  remaining  approximately  constant  at  any  given  height 
(Groves,  1976)*  This  result,  which  follows  from  classical  tidal  theory 
and  the  approximate  equality  of  S-N  and  W-E  wind  functions  at  high 
and  mid  latitudes,  holds  for  non-migrating  modes  (both  eastward  and 
westward  travelling)  as  well  as  for  migrating  modes  (in  terms  of 
which  it  was  previously  stated)  as  may  be  seen  from  Figs. 20  and  21. 

At  high  latitudes  the  S-N  and  W-E  wind  functions  are  practically 
equal,  but  as  latitude  decreases  the  range  of  W-E  values  becomes 
smaller  than  that  of  S-N  values  so  that  at  30°  latitude  they  may 
differ  by  a  factor  of  2.  Observed  semidiurnal  oscillations  for 
high  and  mid  latitudes  have  previously  been  found  to  support  the 
above  theoretical  result  (Groves,  1976).  Further  observations  have 
now  been  analysed  and  will  be  presented  in  this  section  and  the  next. 

Fig. 22  shows  semidiurnal  wind  phases  and  amplitudes  at  six 
different  sites,  data  being  available  at  Fort  Churchill  for  four 
different  dates.  The  19  launchings  of  6-9  September  1966  at  Fort 
Churchill  have  been  divided  into  two  groups  consisting  of  the  first 
10  and  the  last  10  launchings  respectively ,  each  group  extending 
over  three  semidiurnal  cycles:  Fig. 22  shows  that  the  results  of  the 
first  group  are  quite  well  reproduced  by  the  second  group.  The 
various  sets  of  data  in  Fig. 22  are  for  latitudes  greater  than  30° 
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and  support  the  theoretical  results  above,  W-E  phase  being  consistent 
with  S-N  phase  increased  by  3  hr  (or  decreased  by  3  hr  for  the 
southern  hemisphere  site  of  Mar  Chiquita).  Such  agreement  is  taken 
as  evidence  that  a  tidal  oscillation  is  being  resolved  by  these 
short  series  of  observations. 

For  the  latitude  of  Thule  (76.5°N,  68.6°W),  Figs. 20  and  21 
show  that  tidal  wind  oscillations  arise  only  with  modes  for  which 
I  s  -  1  I  is  small,  i.e.  0,1  or  possibly  2.  The  sloping  phase  profiles 
of  the  Thule  results  correspond  to  a  vertical  wavelength  of  about 
15  km,  which  implies  by  Fig. 19  the  presence  of  modes  having  n  2=-  14. 

Fig. 23  shows  semidiurnal  Hough  functions  for  n  =  2,  7,  12,  17 
and  s  between  -12  and  14,  these  being  the  latitudinal  profiles  of 
heating  for  the  respective  modes.  Although  a  wide 
range  of  values  of  n  and  s  would  generally  be  required  for  a  complete 
representation  of  the  global  distribution  of  heating,  only  those  modes 
whose  vertical  structure  corresponds  with  the  vertical  profile  of 
heating  will  be  effectively  excited  in  the  atmospheric  response  (as 
indicated  by  the  vertical  lines  in  Fig. 19).  These  modes  are  approximately 
defined  by  n  +  | e |  ^30  and  contain  propagating  modes  approximately 
defined  by  14^  n  +  |s(  ^  22  for  which  the  coupling  with  water  vapour 
heating  is  closest  (as  indicated  by  the  double  vertical  lines  in  Fig. 19). 

At  Fort  Churchill,  phase  profiles  tend  to  show  a  region  of  changing 
phase  at  the  lower  heights  leading  into  a  region  of  constant  phase 
at  about  35  to  40  km.  Shorter  vertical  wavelengths  (of  less  than  10  km) 
are  present  at  the  lower  heights  implying  modes  with  higher  values 
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of  | s |  and/or  n  than  discussed  above  for  Thule.  The  wind  functions 
(Figs. 20  and  21 )  show  that  modes  with  higher  |S|  (assuming  that 
such  excitations  were  present)  could  generate  oscillations  at  Fort 
Churchill.  For  wavelengths  of  less  than  10  km,  Fig. 19  indicates  n>  20. 

For  ozone  heating,  under  conditions  of  photochemical  equilibrium, 
longitudinal  independence  can  be  expected  with  the  (2,2,2)  mode 
providing  the  main  oscillation.  The  regions  of  constant  phase  that 
appear  in  parts  of  the  Fort  Churchill  profiles  may  be  indicating  the 
predominance  of  this  mode  at  these  heights.  Fig. 19  shows  other 
modes  whose  vertical  structure  is  dynamically  coupled,  e.g.  (2,s,2) 
where  Is  -  1 |  is  small  (^.3).  These  may  be  excited  by  longitudinal 
variations  in  ozone  heating  (either  below  1*0  km  or  at  greater  heights 
at  the  time  of  a  stratospheric  warming)  and  would  also  produce  an 
atmospheric  response  of  nearly  constant  phase  with  height.  Due  to 
the  absence  of  trapped  semidiurnal  modes  corresponding  to  diurnal 


negative  modes,  there  can  be  no  semidiurnal  atmospheric  response 
localized  in  the  height  region  of  ozone  heating. 

The  Wallops  Island  and  Mar  Chiquita  results  (Fig. 22)  have  previously 
been  compared  and  discussed  (Groves,  1976).  Phase  profiles  are 
similar  at  both  sites  and  a  mainly  equatorially  symmetric  excitation 
is  indicated  by  the  difference  of  about  6  hr  between  the  S-N  phases. 

The  Mar  Chiquita  results  provide  confirmation  of  an  anticlockwise 
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results  for  the  two  sites  exist  and  are  attributed  to  their  l8.1° 
difference  of  longitude  and  the  presence  of  non-migrating 
having,  in  this  case,  |s  -  2|^3. 

The  Arenosillo  results  are  consistent  with  a  clockwise  rotation 
of  the  wind  vector  at  the  centre  of  the  height  range  of  observation, 
i.e.  from  about  82  to  88  km  ;  and  it  is  at  these  heights  where  the 
chaff  measuring  technique  is  most  effective. 

The  two  sets  of  White  Sands  results  show  a  clockwise  rotating 
wind  vector  at  about  70%  of  the  observation  heights.  For  a  latitude 
of  32°,  such  agreement  would  seem  to  be  quite  reasonable. 

10.  Semidiurnal  winds  at  latitudes  less  than  30° 

The  two  sets  of  results  for  Cape  Kennedy  at  28.5°  latitude  are 
also  consistent  with  a  clockwise  rotating  wind  vector  at  most 
observation  heights  (Fig. 24)  and  could  be  grouped  with  the  results 
in  Fig. 22.  At  lower  latitudes  W-E  and  S-N  wind  functions  (Figs. 20  and  21) 
become  increasingly  dissimilar  and  corresponding  dissimilarities  are 
to  be  expected  between  observed  W-E  and  f— N  wind  oscillations. 
Observationally  the  results  for  Antigua,  Fort  Sherman  and  most  other 

I 

)  launch  series  in  Fig. 24  show  conspicuous  differences  between  W-E 

and  S-N  components  which  would  appear  to  confirm  this  expectation. 

The  semidiurnal  oscillations  for  Ascension  Island  on  11-12  and 

1 

|  12-13  April  1966  (Fig. 24)  change  radically  in  both  wind  components 

* 

5  between  the  two  days,  whereas  only  partial  changes  in  the  diurnal 


t 


component  were  noted  in  I  6  (Fig.l6).  These  results  are  in  contrast 
to  those  of  6-9  September  19 66  at  Fort  Churchill  for  which  both 
diurnal  (Fig. 5)  and  semidiurnal  profiles  (Fig. 22)  were  found  to  be 
quite  similar  between  two  consecutive  intervals.  It  has  also  been 
possible  to  analyse  the  Cape  Kennedy  data  of  13-15  December  1967 
(Figs. 10  and  22)  as  two  consecutive  groups  and  the  results  obtained 
sire  compared  in  Fig. 25.  For  the  diurnal  oscillation,  the  S-N 
components  are  very  similar  whereas  the  W-E  components  are  distinctly 
different.  The  non-tidal  nature  of  the  diurnal  oscillation  pointed 
out  in  §  6  ,  would  therefore  seem  to  be  associated  almost  entirely  with 
the  W-E  component.  The  semidiurnal  oscillations  for  the  two  consecutive 
days  (Fig. 25)  are  similar  to  the  results  for  the  combined  data  (Fig. 24) 
and  would  tend  to  confirm  a  tidal  origin.  As  pointed  out  in  i 6  , 
for  other  observed  oscillations  at  low  latitude  there  is  generally 
no  ready  indication  of  the  extent  to  which  their  origin  is  tidal  or  not. 
In  the  following  discussion  oscillations  are  assumed  to  be  tidal 
although  this  might  not  always  be  the  case.  The  April  1966  results 
at  Ascension  Island  and  the  December  1967  results  at  Cape  Kennedy  show 
that  either  the  diurnal  or  semidiurnal  oscillation  may  be  disturbed 
much  more  than  the  other. 

The  Ascension  Island  results  of  24-26  October  1968  (Fig. 24) 
are  exceptional  being  consistent  with  an  anticlockwise  rotation  of 
the  wind  vector  at  almost  all  heights.  Such  a  result  at  a  low 
latitude  site  is  not  without  interpretation  as  a  single  tidal  mode 
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would  give  either  a  clockwise  or  anticlockwise  rotating  wind  vector 
whatever  the  latitude.  It  may  be  noted  that  a  vertical  wavelength 
of  about  12  km  is  strongly  in  evidence  in  the  phase  profiles  (Fig. 24) 
and  indicates  the  dominance  in  both  S-N  and  W-E  components  of  a  single 
mode. 

As  with  the  diurnal  component,  semidiurnal  S-N  and  W-E  amplitudes 
at  low  latitudes  (Fig. 24)  lie  within  comparable  ranges  of  values  and 
a  difficulty  arises  in  adequately  accounting  for  W-E  amplitudes 
unless,  according  to  the  wind  functions  (Figs. 20,  21,  2 6  and  27), 
non-migrating  modes  (s  /  2)  of  possibly  Is) ^6  are  main  contributors. 

The  differences  between  the  19-20  March  1974  results  at  the  pairs 
of  equatorially  symmetrically  located  sites  of  Fort  Sherman  /  Ascension 
Island  and  Kourou  /  Natal  offer  further  general  support  for  the  presence 
of  high-order  non-migrating  modes.  The  Hough  functions  and  wind 
functions  for  (2,s,l)  and  (2,s,K)  (Figs. 26  and  27)  are  very  similar 
to  the  corresponding  diurnal  functions  (Figs.1J5  and  I4)  and  are  also 
likely  contributors  to  atmospheric  oscillations  if  a  fairly  high 
degree  of  longitudinal  variation  is  present  in  the  source  of  excitation 
(water  vapour  heating). 

11 •  Discussion  and  conclusions 

Diurnal  and  semidiurnal  components  of  stratospheric  wind 
variation  derived  from  diurnal  launch  series  (Table  1)  have  been  presented 
and  discussed  in  terms  of  the  Hough  modes  of  classical  tidal  theory. 

Although  for  many  launch  series  only  8  wind  data  values  are  available  at 
any  height  it  has  nevertheless  been  possible  to  derive  significant  diurnal  and 
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semidiurnal  components  of  variation  by  the  method  of  least-squares 
analysis.  While  such  results  are  without  doubt  evidence  of  the 
variability  of  stratospheric  winds,  their  immediate  interpretation 
as  tidal  oscillations  is  only  one  of  several  possibilities.  The 
traditional  method  of  tidal  discrimination  is  by  analysis  of  long 
series  of  data  and  as  only  one  or  two  cycles  are  available  supporting 
evidence  of  an  alternative  nature  has  been  sought. 

At  mid  and  high  latitudes,  W-E  and  S-N  semidiurnal  wind  profiles 
should,  according  to  classical  tidal  theory,  be  approximately  equal 
apart  from  a  3hr  phase  shift  corresponding  to  clockwise  rotation 
in  the  N  hemisphere  or  anticlockwise  rotation  in  the  S  hemisphere. 
Observed  W-E  and  S-N  wind  components  are  independent  sets  of  data 
and  hence  comparisons  between  their  derived  semidiurnal  components 
should  test  whether  the  tidal  interpretation  is  at  least  tenable. 
Significant  results  from  1 3  series  of  launchings  are  available 
for  mid  and  high  latitudes  (i.e.  at  Cape  Kennedy  and  higher  latitudes) 
and  in  all  cases  there  is  support  for  the  above  theoretical  relationship. 
Conversely  at  low  latitudes  where  the  relationship  would  not  generally 
be  expected  to  hold,  there  is  a  convincing  lack  of  observational 
support. 

With  some  justification  then  an  attempt  has  been  made  in  this 
paper  to  interpret  the  stratospheric  oscillations  observed  by  diurnal 
launch  series  at  different  latitudes  in  terms  of  modes  of  tidal 
oscillation.  An  interpretation  has  been  sought  which  is  compatible 
not  only  with  the  observational  results  but  also  with  ozone  and 
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water  vapour  heating  as  sources  of  tidal  excitation*  Even  so  the 
distribution  of  available  data  limits  the  scope  of  the  investigation 
to  an  identification  of  the  ranges  of  mode  parameters  within  which 
significant  contributions  are  likely  to  be  found.  A  number  of 
tentative  conclusions  have  been  reached  and  are  summarized  below. 

No  attempt  is  made  to  qualify  the  extent  of  the  various  identifications 
and  associations  proposed,  but  with  due  critical  regard  it  is  hoped 
that  the  summary  will  be  helpful  to  further  investigations.  No 
account  can  be  given  of  seasonal  dependences  as  most  of  the  available 
results  were  obtained  at  or  close  to  an  equinox. 

(i)  Diurnal  components 

At  high  latitudes  stratospheric  oscillations  are  superpositions 
of  negative  (trapped)  modes  (l,s,n),  n<0  exited  by  ozone  heating. 

Below  about  qO  km,  longitudinal  variations  of  ozone  and  consequent 
heating  give  rise  to  negative  non-migrating  (s  4  1 )  modes  in  the 
same  height  range.  Above  about  ^5  km,  negative  migrating  modes 
(s  =  1 )  predominate  except  at  the  time  of  stratospheric  warmings 
when  longitudinal  variations  of  ozone  and  consequent  heating  excite 
negative  non-migrating  modes  in  the  height  range  of  the  stratospheric 
disturbance. 

At  mid  latitudes  the  above  (trapped)  oscillations  are  supplemented 
by  significant  and  sometimes  dominant  contributions  of  positive 
(propagating)  modes  excited  by  tropospheric  heating.  Excitation  of 
positive  modes  by  undisturbed  ozone  heating  leads  to  an  atmospheric 
response  which  is  limited  by  self-cancellation  to  the  (1,1,1)  mode. 


This  mode  which  is  also  excited  by  tropospheric  heating  is  dominated 
in  the  stratosphere  by  modes  of  higher  order  in  n  and/or  |sl  of 
tropospheric  origin.  Such  higher-order  modes,  or  at  least  some  of 
them,  are  steady  for  only  short  intervals  of  time,  possibly  a  few 
days,  and  would  not  be  revealed  unless  data  were  collected  with 
adequate  frequency.  Non-migrating  positive  modes  contribute  to 
mid-latitude  oscillations  with  decreasing  effect  polewards  of  30° 
latitude  in  accord  with  the  diurnal  wind  functions.  Such  contributions 
are  practically  zero  for  Isl  ^  6,  but  are  significant  for  smaller  values 

including  values  such  that  Is  -  11  >3.  The  values  of  s  that  arise 
at  mid-latitudes  relate  to  the  gross  features  of  the  global  distribution 
of  tropospheric  heating  :  s  =  1  relates  to  the  longitudinal  average 
of  the  distribution  and  other  values  of  I  si  (up  to  about  6)  relate 
to  the  main  regions  of  high  specific  humidity  such  as  Central  America  / 

Eastern  Pacific,  Africa  and  S.  E.  Asia.  The  contribution  from 
eastward  travelling  modes  (s<0)  is  generally  small  compared  with 
that  of  non-migrating  westward  travelling  modes.  The  range  of 
n  extends  from  1  to  about  5  above  which  value  mode  vertical  structure 
leads  to  self-cancellation  of  tropospheric  heating  as  a  tidal  source. 

At  low  latitudes  trapped  stratospheric  modes  make  a  minor  contribution 
compared  with  that  of  propagating  modes.  In  addition  to  the  propagating 
modes  of  isl£  6  which  may  be  present  at  mid  latitudes,  it  is  possible 
for  modes  of  higher  isl  to  propagate  at  low  latitudes  given  a  suitable 
longitudinal  variation  in  the  low-latitude  tropospheric  heating. 

An  upper  limit  is  however  set  for  |s|  by  the  increase  of  self-cancellation  with 


decrease  of  wavelength  as  isl  increases,  the  limit  being  lal  «  1i«  and 
depending  slightly  on  n.  Temporal  changes  and  spatial  movements  in  the 
distribution  of  an  atmospheric  absorbing  constituent  could  also  prevent 
the  establishment  of  steady  (or  quasi-steady)  diurnal  excitations  for 
(si  above  a  certain  value  according  to  the  scale  of  distance  over  which 
such  variations  would  average  out.  In  consequence  non-tidal  contributions 
would  effectively  replace  tidal  contributions  of  higher  / s|  appropriate 
to  a  non-varying  atmosphere  with  radiational  heating  and  could  dominate 
the  steady  (or  quasi-steady)  tidal  modes  of  lower  (si  that  are  still 
able  to  propagate  in  the  real  atmosphere.  Upper  limits  for  /s;  are  not 
easily  assessed  but  when  regard  is  taken  of  the  global  distribution  of 
water  vapour  and  its  variations  it  would  seem  at  first  sight  that  isi 
would  be  unlikely  to  attain  the  upper  limit  (=;16)  set  by  self-cancellation 
and  might  at  times  be  restricted  to  values  6 6.  As  at  mid  latitudes, 
excitation  of  modes  having  ni5  is  ineffective  due  to  self-cancellation 
of  tropospheric  heating  as  a  tidal  source  :  this  leaves  modes  of  the 
sequences  n  =  K  and  n  =  1,3  to  represent  most  of  the  equatorial  symmetry 
and  modes  of  the  sequences  n  =  0,2,^  to  represent  most  of  the  asymmetry. 
Dissipation  of  wave  energy  is  more  rapid  for  modes  of  shorter  wavelength 
and  hence  as  height  increases  mod  s  of  higher  n  or  I  s  -  1(  are  attenuated 
relative  to  those  of  smaller  n  or  / s  -  1|. 

( ii )  Semidiurnal  components 

Both  ozone  heating  and  tropospheric  heating  are  effective  in  exciting 
semidiurnal  oscillations  at  stratospheric  heights.  Ozone  heating  excites 
modes  which  have  nearly  the  same  phase  over  a  wide  range  of  heights. 

The  (2,2,2)  mode  arises  from  the  longitudinal  average  of  the  ozone  distribution 


and  longitudinal  variations  of  ozone  (whether  below  4O  km  or  at  greater 
heights  at  the  time  of  a  stratospheric  warming )  give  rise  to  non-migrating 
modes  whose  vertical  structure  is  also  dynamically  coupled  thereby  introducing 
a  longitudinal  dependence  into  the  (height  independent)  phase  of  the 
oscillation. 

In  the  troposphere  the  excitation  of  modes  (2,s,n)  is  limited  by 
self-cancellation  to  values  of  s  and  n  such  that  n  +  <^£30.  Significant 
contributions  at  stratospheric  heights  arise  from  propagating  modes 
particularly  those  which  are  closely  coupled  with  the  vertical  structure 
of  the  tropospheric  source  of  excitation:  for  such  a  mode  1  anc  n  satisfy 
14^  n  +  is)^  22.  When  higher  values  ofisi  are  present  they  are  associated 
with  lower  values  of  n  according  to  the  above  condition  and  propagate 
at  latitudes  equatorwards  of  about  4O0:  for  very  high  Isl  ,  soy  1 2  *0  20, 
the  propagation  would  be  confined  to  quite  low  latitudes.  As  with  diurnal 
oscillations,  non-tidal  components  may  effectively  replace  trie  steady 
(or  quasi-steady)  tidal  modes  of  higher-lsl  appropriate  to  a  non-  varying 
atmosphere  with  radiational  heating.  Again  the  upper  limits  for  isi 
are  not  readily  assessed,  but  most  values  of  isi  up  to  about  6  would 
be  expected  to  be  present  according  to  the  gross  features  of  the  global 
distribution  of  tropospheric  heating.  As  for  diurnal  components,  dissipat.or 
of  wave  energy  leads  to  the  attenuation  of  modes  of  higher  n  or  Is  -  II 
relative  to  modes  of  longer  wavelength  as  height  increases. 
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The  eight  sites  from  which  diurnal  series  of  rockets  were 
launched  on  19-20  March  1974« 

Equivalent  depths  h  of  solar  diurnal  Hough  modes  (l,s,n) 
for  various  s  and  n.  A  =  modes  whose  Hough  functions  are 
equatorially  asymmetric,  S  =  modes  whose  Hough  functions  are 
equatorially  symmetric.  —  (double  vertical  lines)  vertical 
structures  of  mode  and  heating  correspond  closely;  —  -  (single 

vertical  line)  self-cancellation  not  significant;  -  (broken 

vertical  line)  self-cancellation  significant;  X  limit 
where  self-cancellation  is  practically  complete. 

Hough  functions  0  for  modes  (l,s,n),  n  =  1,...,q. 

Hough  functions  0  for  modes  (1,s,n),  n  =  -1,...,-4. 

Diurnal  wind  components  at  Fort  Churchill. 

W-E  wind  functions  for  modes  (1,s,n),  n  =  -1,...,-4. 

S-N  wind  functions  ®v  for  modes  (1,s,n),  n  =  -1-...,-4. 

W-E  wind  functions  for  modes  (1,s,n),  n  =  1,...,4. 

S-N  wind  functions  ©V  for  modes  (l,s,n),  n  =  1,...,4. 

Diurnal  wind  components  at  Cape  Kennedy.  The  straight  lines 
indicate  the  approximate  theoretical  slopes  of  the  phase 
profiles  of  the  first  five  positive  migrating  modes. 

Diurnal  wind  components  at  White  Sands,  Wallops  Island  and 
Mar  Cldquita. 

Diurnal  wind  components  at  Arenosillo,2i,-28  February  1970. 

Hough  functions  ©  (upper  row),  S-N  wind  functions  <sv  (middle 
row)  and  W-K  wind  functions  ©j  (lower  row)  for  modes  (l,s,K), 
s  •-  -I,  -i,,  -8,  and  -12. 


-  y?  - 


i  • 


Hough  functions  ©  (upper  row),  f— N  wina  functions  ©  (rr,i  d  :le 
row )  and  ..-E  wi..d  fund  ons  ®  (law.  r  r-  .•  )  for  inodes  (l  ,f.,C  ) , 

-  0,  -4 ,  -8  anc.  -If. 

I'du/nnl  wind  con>j  cr.-n ts  at  f«nt i gua ,  19-c'O  '-.arch  It 7.,, 

Diurnal  w  :.nu  components  at  Ascension  Island.  (l)  1i-12  April 
W.(  ;  (2)  12- i-  April  196-6;  (•')  24-26  October  . 968 ;  (4)  19-20 
March  197.,. 

Diurnal  wind  conponents  at  Kort  flu-rranr.,  19-?t  March  197.,, 

Diurnal  w  •  nd  co:i.pou"nt  s  at  Kcurou  h:  ■  Natal.  ll)  Kouro  . , 

19—J2  .'  e,  terrier  1971;  (2)  Koui  ou ,  i9-20  March.  1974;  (  ;')  Mat..]  , 
1966-68;  (4)  Natal,  19-20  March  1974* 

Equivalent  d<  pths  h  of  solar  semidiurnal  irougr.  modes  (2,.-,n) 
for  various  s  and  n,  (  ee  caption  to  fig.  .’).  The  slot* 
hori  ontal  lines  give  h  f.  r  s  ••  1  and  the  intermediate  values 
of  n. 

w-E  wind  functions  (5)^  for  modes  (2,s,n\  t.  -  2,  7,  ar.d  17. 

S-H  wind  functions  <9 v  for  m  .ties  (2,r,n),  n  =  .  ,  1-  arc  17. 

Memi diurnal  wind  compoi cuts  at  lati tunes  greater  than  V°. 

(1)  Thule,  24-26  October  1068;  .2'1  vc>rt  "hurchi  1 1 ,  — ?  .It  pt ember 

'i960;  (5)  fort  Churchill,  8-9  2- ;  term,  r  IOt-6;  (4)  fort  Churchill, 
4-9  January  iOt8;  (5)  fort  Churhill,  2  3-2(  October-  19.8; 

((■)  Kort  Ci.uidiill,  19-20  March  l  '/a;  t',7'*  wallopr  Island, 

19-20  M;n  cli  1 1  *74 ;  (.8)  Mar  Ohi.jiiita,  :<■*_’  March  19?..;  (9) 
Arenosillo,  ..'4-28  February  i9?0;  (10)  White  Manus ,  30  dune-..'  duly 
1 ' K> 9 ;  (ll)  White  Mauds,  ‘*-11  Octet  r  UK1. 

Hough  f  tine  t  ions  tf9  for  moues  (2,r.,n),  n  2,  7 ,  id  ana  i?. 
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24.  Semidiurnal  wind  components  at  latitudes  less  than  '.0°. 

(l)  Cape  Kennedy,  15-19  December  19^7;  (2 )  C'ape  Kennedy, 

25-2?  October  1968;  (r>)  Antipin ,  19-2.;  March  '  97’*-. ;  (h^  Fort  Sherman, 
19-2u  March  iy74;  (5)  Kourou,  19-72  September  19?1;  (6)  Kourou, 

'’9-20  March  1974;  (7)  Natal,  19-20  March  1974;  (S)  Ascension 
If  land,  11-12  April  I960;  (9)  Ascension  Island,  12-Id  April 
i960;  (10)  Ascension  Island,  24-26  October  1908;  ( 1 1 )  Ascension 
Island,  19-20  March  197'*. 

25.  Diurnal  and  semidiurnal  wind  components  on  two  consecutive 
days  at  Cape  Kennedy.  (l)  I3-I4  December  1967;  (2)  I4-I5 

December  1967. 

26.  Hough  functions  ©  (upper  row),  S-N  wind  functions  ©  y (middle 
row)  and  W-E  wind  functions  (lower  row)  for  modes  (2,s,K), 
s  =  -1 ,  -4,  -8  and  -12. 

27.  Hough  functions  &  (upper  row),  S-N  wind  functions  0y  (middle 
row)  and  W-E  wind  functions  (lower  row)  for  inodes  (2,s,1), 
s  =  -1 ,  -4,  -8  and  -12. 


fig.  I 


59  - 


5 


'  -&A  \  t  *> 


>■/,* 


Fort  Churchifl  V 

s  V 

\  Jtallops  Island 

\  ,"$■■  , 

•  ^  \  ‘  \  ,  H*  '  * 

•  •  V*  *  St  -  *?* 


/! 

/  / 


"U*  ^ 


af'Canc* 


FoM  ShermaW*  k  . 


*,Antigua 


VKourou  '  '• 

^latal  #  \  * 

Ascension  1 5 

/  .  - ;  c . 


l  ?Mar 

r  * 

1  ^  <  ;  ! 


UltB 


'I’lit'  right  sites  from  whirls  diurnal  scries  of  rockets  wore 
launched  on  19-20  March  i9?4« 
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Kquivalent  depths  h  of  solar  diurnal  Hough  modes  U,s,n) 
for  various,  s-  and  n.  A  -  modes  whose  hough  function  ar 
equatorially  asymmetric,  Z  =  modes  whose  Hon  *h  Junctions  are 
equatorially  symmetric.  —  —  (double  vertical  lines./  vertical 

rdructure:  of  mode  am)  heating  correspond  closely;  -  tsingl 

Vtrtiral  line)  self -cancel  la t ion  not  significant; - (iroken 

verticil  line)  :  elf- cancellation  signific  .r.t ;  i.  limit 
where  ta-1  f-.-ancellation  is  practically  compiet-  . 


Vertical  wavelength  I  km)  Exponential  decay  distance  locale  height  units! 


Ulilutf*  l*N) 


W-E  wind  functions  <8^,  foi  inodes  ( 


Diurnal  wind  components  at  Arenoeillo,  2^-28  February  1970 


Equivalent  depth  h  (km) 


KOUMOU 


8.  L’iurnal  wind  components  at  Kourou  and  Natal.  ( i  '  Kourou, 

19-20  Sf}  t ember  1971;  (<•','  Kourou,  19-20  Marct.  19  7*;  (T)  Natal, 
1966-68;  (/,)  Natal,  19-20  March  197/,. 


9.  Equivalent  depths  h  of  solar  semidiurnal  Hough  modes  (2,e,n' 
for  various  s  and  n.  (See  caption  to  Fig..',.  The  short 
horizontal  lines  give  h  for  s  -  1  and  the  intermediate  values 
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12  12  hr  LT  0  >0  0  10  m/:  0  12  12  12  12  hr  IT  OK)  10  m/s 

Fig. 22.  Semidiurnal  wind  components 
at  latitude.*  greater  than  30  . 

(1)  Thule,  24-26  October  1968; 

(2)  Fort  Churchill,  6-8  September  1966; 

(3)  Fort  Churchill,  8-9  September  1966; 

(4)  Fort  Churchill,  M-5  January  1968; 

(5)  Fort  Churchill,  23-26  October  1908; 

(6)  Fort  Churchill,  19-20  March  1974; 

(7)  Wallops  Island,  19-20  March  1974; 

(8)  Mar  Chiquita,  19-20  March  1974? 

(9)  Arenorillo,  24-28  February  1970; 

(10)  White  Sands,  30  June  -  2  July  1965; 

(11)  White  Sands,  9-H  October  1965. 
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Fig. 24.  Semidiurnal  wind  components 
at  latitudes  less  than  30°. 

(1)  Cape  Kennedy,  13-15  December  1967; 

(2)  Cape  Kennedy,  23-25  October  1968; 

(3)  Antigua,  19-20  March  1974; 

(4)  Fort  Sherman,  19-20  March  1974; 

(5)  Kourou,  19-22  September  1971; 

(6)  Kourou,  19-20  March  1974; 

(7)  Natal,  19-20  March  19745 

(8)  Ascension  Island,  11-12  April  1966; 

(9)  Ascension  Island,  12-13  April  1966; 

(10)  Ascension  Island,  24-26  October  1 968 ; 

(11)  Ascension  Island,  19-20  March  1974. 
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Fig.25«  Diurnal  and  semidiurnal  wind  components  on  two  consecutive 
days  at  Cape  Kennedy.  (1)  13-I4  December  1967;  (2)  I4-15 
December  196?. 


Fig. 26.  Hough  functions  ©  (upper  row),  S-N  wind  functions  ©y  (middle 
row)  and  W-E  wind  functions®  ^  (lower  row)  for  modes  (2,s,K), 
s  =  -1 ,  -4,  -8  and  -12. 
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Fig. 27.  Hough  functions  ©(upper  row),  S-N  wind  functions  <9y  (middle 
row;  and  W-E  *ind  functions  ©).,  (lower  row)  for  modes  (2,s,l), 
b  =  -1 .  .  -8  and  -12. 


